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Objective: Osteoarthritis (OA) is associated with obesity, although this relationship remains unclear.
Proposed etiologies of OA in obesity include mechanical loading of malaligned joints and possible
toxicity of dietary fat. The hypothesis tested in the present study was that increased dietary fat worsens
OA in both malaligned and normal joints, detected by biochemical and histological cartilage markers.
Method: 83 New Zealand white rabbits were divided among two conditions related to OA: bowing of the
knee and a 14% kcal vs 47.8% kcal fat diet. Rabbit weights and knee angles were compared throughout the
experiment. At 28 and 38 weeks, intra-articular forces were measured, animals sacriﬁced, and knee
cartilage examined for histological changes, glycosaminoglycan content, 35S uptake, and aggrecanase-1
expression.
Results: There were no differences in animal weights or intra-articular forces between the two diets.
Despite increased fat content in their diet, animals on the 47.8% kcal fat diet did not gain excess weight.
Representative histology showed atypical shearing of articular cartilage among animals on the high fat
diet. Animals on the 47.8% kcal fat diet had suppression of protein synthesis compared to the 14% kcal fat
diet: lower glycosaminoglycan content and aggrecanase-1 expression in all knee compartments at both
times, and lower 35S uptake at 38 weeks.
Conclusion: These results suggest dietary fat, independent of animal weight, results in altered chon-
drocyte function. Increased dietary fat was associated with changes in rabbit cartilage in vivo and appears
to be a risk factor for the development of OA.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Osteoarthritis (OA) is a disease seen at higher rates in obese
individuals1e4. There are several theories for this relationship
including increased weight-bearing or altered dietary content.
Obese individuals have higher rates of OA in weight-bearing joints
like the knees1,3e6, implicating both increased weight and exag-
gerated varus (bowing) or valgus malalignment as causes of
mechanical overload and cartilage injury2,4,7e9. However, OA is also
common in non-weight-bearing joints of obese persons3,5,10e12. In
the hand, obesity is associated with a 5e8-fold increased risk for
OA11, suggesting mechanisms other than weight-bearing are
involved. Most studies have not found a clear relationship or
speciﬁc effect of obesity in OA13e17.
A suggested link between obesity and OA is diet, although it is
unclear whether this is a direct effect of dietary content, or indi-
rectly due to weight changes18e20. Though the speciﬁc role of die-
tary fat in the development of OA remains largely inconclusive21e24,
OA appears to be associated with systemic elevations in serumA. M. Brunner, Department of
an Street, WAC 635, Boston,
-617-724-7799.
r@gmail.com (A.M. Brunner).
s Research Society International. Pcholesterol15,25 and altered chondrocyte lipid and cholesterol
metabolism26e28. In vitro studies show that chondrocytes exposed
to n-3 fatty acids have lower expression of mediators of inﬂam-
mation like cyclooxygenase-2 and lipooxygenase29, whereas
chondrocytes exposed to linoleic acid have decreased collagen
synthesis30. Lipid peroxidation in the cartilage matrix is associated
with increased collagen degradation31, and a high fat diet contrib-
utes to early-onset OA in mouse models20,32. Whether the in vivo
effects of dietary fat are related to weight changes and subsequent
altered joint loading, or a more direct toxic effect of the fat itself at
the level of the chondrocyte and matrix, remains indeterminate.
We utilized a rabbit model with animals allocated to either
a high fat or regular diet, and to either a progressive varus bowing
operation or sham, two conditions predisposing OA. Distinct from
prior studies, which use knock-out models of obesity32e34, we place
wild-type rabbits on a dietary intervention of 47.8% kcal vs 14% kcal
dietary fat. If the animals became heavier, the contribution of added
load or fat toxicity couldn’t be apportioned, but if the animals self-
regulated their caloric intake, then the loading factor contribution
could be eliminated. We hypothesized that increased dietary fat in
rabbits would worsen biochemical cartilage markers of OA in both
normal and malaligned joints.ublished by Elsevier Ltd. All rights reserved.
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Following IACUC approval 83 New Zealand white rabbits
(Millbrook Breeding Laboratories, Amherst, MA) were randomized
to either an experimental surgical group (unilateral Phemister
hemiepiphysiodesis to induce bowing; “PE”) or sham surgery
group, followed by assignment to a regular 14% kcal rabbit diet,
(Lean Diet), or a 47.8% kcal fat diet (Fat Diet). This created four
groups: Lean Diet PE (n¼ 27), Lean Diet Sham (n¼ 13), Fat Diet PE
(n¼ 22), and Fat Diet Sham (n¼ 21) (Fig. 1). Fewer animals were
allocated to the Lean Diet Sham group based on estimates for the
number needed in the no intervention (surgical or dietary) group.
The contralateral limb in the PE animals was an internal control.
1e3 animals at both time points in each group were randomly
assigned to serve as histological examples, the rest to biochemical
analysis. All animals underwent Tekscan measurements, though
some could not be included in the ﬁnal analysis due to sensor
failure or displacement.Phemister hemiepiphysiodesis and sham surgery
Between 41 and 44 days of age, 49 animals underwent PE35 on
the medial proximal tibial physis of the left hind limb. Anesthesia
was achieved using 1.0e4.0% halothane via small canine facemask.
After exposing the medial physis via a 1.5 cm vertical incision,
a 6 4 mm rectangular cortical bone block was excised, 2/3 from
the metaphysis and 1/3 from epiphysis. This was rotated 180 and
replaced in the tibia.
The 34 animals allocated to Lean Diet Sham and Fat Diet Sham
groups underwent a sham operation where the medial proximal
tibial physis was exposed through an identical incision, the
periosteum visualized but not disturbed, and the incision closed.
For post-operative pain, 0.03 mg/kg buprenorphine subcuta-
neous injections were given twice daily for 2 days following
surgery.Experimental Assay Allocation of N
Excluded from Analysis:
Deaths (n=7)
Force n=13
Biochem n=6
Histology n=3
28 Weeks
n=15
1 death
Force n=11
Biochem n=9
Histology n=3
38 Weeks
n=12
1 death
Lean Diet PE
Hemiepiphysiodesis
14% kcal fat diet
Force n=6
Biochem n=2
Histology n=2
28 Weeks
n=7
Force n=5
Biochem n=4
Histology n=1
38 Weeks
n=6
1 death
Lean Diet Sham
Sham
14% kcal fat diet
H
All Anim
n=83
Fig. 1. Animal allocation. Rabbits were randomized to either an experimental surgical group
a regular 14% kcal fat diet, or a high 47.8% kcal fat diet. Force measurements were taken on al
is reﬂected in the numbers shown. 1e3 animals from each time point were assigned to beRabbit diets and weights
All rabbits were initially fed the 2031 Teklad Global High Fiber
Rabbit Diet (Harlan Laboratories, Inc, Madison, WI), containing 2.7%
dietary fat by weight (14% kcal). Lean Diet animals (PE and Sham)
were maintained on this diet. At 2 weeks post-op, the 43 Fat Diet
animals (PE and Sham) transitioned to dry feed containing 17%
dietary fat by weight (47.8% kcal) from added palmitic, oleic, and
linoleic acid (Harlan Laboratories). Care was taken to ensure similar
nutritional content between diets, with adequate protein, vitamin,
and mineral content. The 47.8% kcal fat feed was cross-titrated until
the animals tolerated the new diet, and animals were monitored
throughout the study to ensure they were eating. Exact intact was
not measured. Animals were fed ad libitum and weighed monthly
and prior to sacriﬁce.Radiographs
PA hind limb radiographs were taken perioperatively, semi-
monthly, and at sacriﬁce. Sedation during imaging was achieved
with 6.25 mg/kg ketamine and 0.125 mg/kg medetomidine. Rabbits
were placed prone with their hind legs extended. Sedation was
reversed with 0.25 mg/kg atipamezole.
Bowing was assessed as the articular line-diaphyseal angle
(ALDA), found by measuring the medial proximal tibial angle and
subtracting it from 90. Varus deformities have positive ALDAs, and
valgus deformities negative ALDAs. An author blinded to the groups
measured all radiographs.Intra-articular force measurements
At 28 and 38 weeks, knee forces in the operative left hind limb
were measured by surgically placing two sensors (Tekscan, Inc.,
South Boston, MA) into the medial and lateral compartments using
a technique described by Coughlin et al.36.ew Zealand White Rabbits
Force n=10
Biochem n=7
istology n=3
28 Weeks
n=12
2 deaths
Force n=9
Biochem n=8
Histology n=2
38 Weeks
n=10
Fat Diet PE
Hemiepiphysiodesis
47.8% kcal fat diet
Force n=10
Biochem n=8
Histology n=2
28 Weeks
n=12
2 deaths
Force n=8
Biochem n=8
Histology n=1
38 Weeks
n=9
Fat Diet Sham
Sham
47.8% kcal fat diet
als
(Phimester hemiepiphysiodesis, or “PE”) or to a sham surgical group, and then to either
l animals, but some could not be included in the ﬁnal analysis due to sensor failure; this
histological examples; all others underwent biochemical analysis.
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nine individual sensels in a 6.4 mm-wide matrix was used, which
approximates the size of the rabbit tibial plateau. Sensors were
conditioned according to manufacturer’s recommendations by
loading three times to a load 20% greater than expected. Sensors
were calibrated using a servo hydraulic material tester (MTS 810,
MTS Systems Corporation, Eden Prairie, MN) with a universal joint
to apply loads via a piece of foam and ultra-high molecular weight
polyethylene using the Tekscan software, exposing each sensor to
20% (55 N) and 80% (220 N) of the anticipated load.
During sensor placement anesthesia was achieved with
1.0e4.0% halothane via small canine facemask and 4 mL of 0.5%
bupivicaine injected into the skin and knee joint. A skin incision
was made, the joint capsule opened, and scalpel inserted between
the medial tibial plateau and meniscus. A needle threaded with
suture was attached to the end of the sensor, introduced anteri-
orly, and passed through the posterior skin. The suture pulled the
sensor below the meniscus in the medial knee compartment. A
lateral incision was made, and the procedure repeated to intro-
duce a sensor under the lateral meniscus. The suture was
anchored in the posterior skin. While under sedation, manual
loading of the knee in varus, valgus, and resting was recorded to
conﬁrm correct sensor placement. Anesthesia was reversed and
movement sequences recorded. Recordings were made containing
an initial 10 s of sitting (resting force) followed by several docu-
mented hops during a 20 s data collection trial, depending on the
animal’s ability to ambulate. After collecting data, rabbits
were sacriﬁced using 25 mg/kg ketamine, 8 mg/kg xylazine, and
20 mg/kg pentothal.
Raw data ﬁles were processed by applying each calibration ﬁle
to the appropriate sensor using the Tekscan software. Force values
were extrapolated back using the calibration data for each indi-
vidual sensor. The sum of the total force over the nine sensels was
normalized to body weight for analysis, so forces are presented as
fractions or multiples of body weight.
Harvest of cartilage for biochemical analysis
Following sacriﬁce, all knees were dissected, except those
designated for histology, and sensor placement reconﬁrmed by
direct observation of the sensors over the medial and lateral
plateaus. Articular cartilage was removed, avoiding inclusion of
bone or ligament, from the tibia and femur for biochemical analysis
using a sharp scalpel. Cartilage from the medial tibial plateau,
medial femoral condyle, and medial aspect of the femoral groove
were combined to form the “medial” sample. The same technique
was used to obtain the lateral sample.
Histology
After careful sensor removal, intact knees of 1e3 representative
rabbits from each group at both time points were excised en bloc
and placed in 10% formalin. Specimens were bisected coronally
and placed in processing cassettes (Tissue-Tek Mega-Cassette,
Sakura Finetek, USA), decalciﬁed for 16 h in a stirred glass
beaker containing a solution of 820 mL distilled water, 80 mL HCl,
100 mL formic acid, and 5 g phloroglucinol, then washed in tap
water for 8 h and transferred to 70% ethanol. Specimens were
processed on a Tissue-Tek VIP Tissue Processor (Miles Scientiﬁc)
on a 40 h program (3 h, 20 min in each of the following stations:
95% ethanol 1, absolute ethanol 4, xylene 3, parafﬁn 4).
Tissues were embedded in parafﬁn (PARAPLAST X-TRA, Fisher
Scientiﬁc), sectioned at six microns on a Reichert-Jung 2030 rotary
microtome using STA-ON tissue adhesive (Surgipath Medical
Industries, Inc.) to attach serial sections to slides, and stained withsafranin-O 0.1% aqueous (Polyscientiﬁc Bay Shore, NY), iron
hematoxylin, and fast green. Histological slides were blinded and
three authors independently graded the cartilage using the system
described by Mankin37. After conﬁrming good inter-observer
reliability (0.67), scores were averaged. Scores were recorded for
intact cartilage of the medial and lateral tibial plateaus and
femoral condyles and averaged to determine Mankin scores for
the knee.
35S uptake/GAG content analysis
Harvested cartilage was washed with 5 mL cold 1 Hank’
balanced salt solution (HBSS, Invitrogen, 14175) and placed in 5 mL
of Ham’ F12 media (Invitrogen, 11765) on ice. Cartilage was cut into
ﬁne pieces, washed twice with 1 mL Ham’s F12 media, incubated in
1 mL Ham’ F12 media containing 50 uCi/mL 35S (Perkin Elmer,
NEX-002MC) for 4 h at 37C with gentle shaking, washed three
times with 1 HBSS, freeze-dried and weighed.
Proteoglycanwas extracted using guanidine supplemented with
protease inhibitors. Samples were incubated at 4C for 16 h under
constant shaking in 1 mL of a solution of 4 M guanidine HCl (Sigma,
G9284), 0.05 M Na Acetate (pH6.0, Sigma, S2889), 2% (w/v) Triton
X-100 (Bio Rad, 161-0407), 1 mM phenylmethylsulfonylﬂuoride
(Sigma, 93482), 10 mM N-ethylmaleimide (Sigma, E1271), and
10 mM dsEDTA (Sigma, E5134). Unincorporated 35S was removed
by microdialysing against a buffer containing 1 M sodium acetate
and 50 mM EDTA (pH5.5). 25 uL of the dialyzed sample was added
to 4 mL scintillation ﬂuid (UniverSol ES-ICN, Biomedical Research
Products, 882480), and counted in a liquid scintillation spectrom-
eter (cpm/mg dry tissue)38.
The remainder was digested with 5 uL papain (papain from
papaya latex, Sigma, P3125) for 16 h at 60C in 70 uL papain digest
buffer, supplemented with 10 mM DL-cysteine. GAG content was
measured by mixing 20 uL of the samples with 1 mL DMMB (Fisher
Scientiﬁc) and comparing absorbance at 525 nm with standard
chondroitin sulfate solutions (Sigma, C6737) (mcg GAG/mg dry
cartilage)39.
Western Blots
Aliquots of the guanidine-extracted cartilage samples were used
for Western Blot analysis. Protein concentration was quantiﬁed
using the Qubit Quantitation Platform (Invitrogen, Carlsbad, CA).
5 mcg protein was loaded into gels and run in a standard fashion.
Protein was transferred to membranes and exposed ﬁrst to rabbit
polyclonal ADAMTS-4 antibodies (Abcam, AB28285, Cambridge,
MA), followed by goat-anti-rabbit IgG H&L (HRP) (Abcam, AB6721,
Cambridge, MA). Bands were detected using the SuperSignal West
Pico Chemiluminescent Kit (Pierce, Rockford, IL). Signal intensity
was determined using LabWorks (UVP, Upland, CA) and reported as
the relative intensity of optical density (IOD).
Statistical methods
Analyses were conducted using SAS version 9.2 (The SAS Insti-
tute, Cary, NC). For animal weights, a non-linear mixed model was
used to ﬁt a decay function with three parameters: starting value,
change in value, and decay rate. Angles of affected limbs were
modeled in a mixed linear model with ﬁxed effects of diet, surgery,
and week (categorical), as well as all two- and three-way interac-
tions, and week (categorical) treated as a random effect with an
unstructured varianceecovariance matrix grouped by experi-
mental group (Diet Surgery). Least-squares means were calcu-
lated at 0, 28, and 38 weeks and compared between diets using the
GLIMMIX procedure. Residuals were examined visually both in raw
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were positively skewed, so their data was log transformed prior to
analysis, with the resulting means and conﬁdence intervals back-
transformed for presentation. These were compared using mixed
models with ﬁxed effects for surgery, diet, leg, compartment, and
weeks, as well as all interactions (reducing to a cell-means model);
and random effects of leg compartment within animal with an
unstructured varianceecovariance matrix. Similar models were
used to model Mankin scores with bone as an additional effect (and
interactions) for both ﬁxed and random effects, with a heteroge-
neous compound symmetry varianceecovariance structure. Teks-
can force measures were modeled in a correlated error model with
ﬁxed effects of week, diet, group, compartment, and action and
correlated error within animal using a heterogeneous compound
symmetry varianceecovariance matrix for compartment action.
The denominator degrees of freedom for all models was calculated
using the KenwardeRogers method and speciﬁc to each orthogonal
contrast. Varianceecovariance structures were chosen based on
minimizing the Bayesian Information Criterion. Familywise alpha
was maintained at 0.05 using the Holm test within each dependent
variable. Inter-observer reliability was determined for histological
analysis; a coefﬁcient between 0.40 and 0.75 was considered ‘good,’
and greater than 0.75 considered ‘excellent,’ in accordance with
previous studies40.Results
All animals underwent hemiepiphysiodesis or sham operation
without surgical complications. Animals were fed ad libitum and
maintained their respective diets from week 2 post-op onwards.
The majority of animals tolerated the 47.8% kcal fat diet, though
a small number had initial avoidance of the diet but were able to
transition following a cross-titration of the two feeds lasting up to
1 week. Over the study period, seven animals died or were
sacriﬁced due to unforeseeable causes. In the Lean Diet PE group,
one animal died from a fall and one from anesthesia complica-
tions. In the Fat Diet PE group, two died 1 week after surgery with
inconclusive necroscopies, noting gastrointestinal bloating. In the
Lean Diet Sham group, one died from anesthesia during imaging.
In the Fat Diet Sham group, two were sacriﬁced followingFig. 2. Animal weights over time. A. There were no weight differences between animal gro
rabbit growth curves are shown in gray. Average group weights are shown as circle, square
time points. B. Animal diets differed primarily in the form of added palmitic, stearic, oleic,signiﬁcant leg injuries, which appeared unrelated to the sham
surgery (Fig. 1).
Animal characteristics
There were no differences in rabbit weights regardless of the
amount of dietary fat or type of surgical intervention (Fig. 2). There
was no statistical difference in the function for animal weights over
time: starting weight, overall change, and rate of weight change
among all groups were not signiﬁcantly different [Fig. 2(A)]. Animal
diet differed primarily in the form of added palmitic, stearic, oleic,
and linoleic acids [Fig. 2(B)]. Mean weights based on these curves
were similar at 28 weeks (Lean Diet PE 4.66 kg, Lean Diet Sham
4.65 kg, Fat Diet PE 4.68 kg, Fat Diet Sham 4.67 kg) and 38 weeks
(Lean Diet PE 4.82 kg, Lean Diet Sham 4.83 kg, Fat Diet PE 4.84 kg,
Fat Diet Sham 4.84 kg).
Following hemiepiphysiodesis, bowing was seen in the opera-
tive left limb of PE animals on both diets, measured as the ALDA.
Sham animals on both diets had unbowed limbs. Left limb ALDA
was signiﬁcantly higher in PE animals at 28 (Lean Diet PE 39
[35e44] vs Lean Diet Sham 5 [6 to 15], P< 0.0001; Fat Diet PE
29 [18e40] vs Fat Diet Sham 6 [8 to 4], P¼ 0.0003) and
38 weeks (Lean Diet PE 36 [32e41] vs Lean Diet Sham 4 [8 to
15], P¼ 0.0003; Fat Diet PE 28 [13e44] vs Fat Diet Sham 6
[8 to 4], P¼ 0.0025).
Intra-articular force measurement
Intra-articular force measurements, measured in the left hind
(operative) limb, did not differ greatly between the two diets. At 28
weeks, Lean Diet PE animals had lower hopping forces than Fat Diet
PE animals in the left lateral compartment (0.6 body weight
[0.2e1.0] vs 1.8 [1.3e2.3], P¼ 0.012). There were no other
signiﬁcant differences in 28week force measurements between the
two diets (data not shown).
At 38 weeks Fat Diet Sham animals had higher left medial forces
during hopping (2.14 [1.5e2.7] vs 0.3 [0.4 to 1.0], P¼ 0.004)
and rest (1.0 [0.7e1.4] vs 0.1 [0.3 to 0.5], P¼ 0.01)
compared to Lean Diet Sham animals. There were otherwise no
differences in knee forces between animals on the two diets.ups based on decay curves for weight gain using a non-linear mixed model. Individual
, triangle, and diamond markers overlying the individual curves at 0, 28, and 38 week
and linoleic acids.
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Averaged across all times, Mankin scores were higher in the
bowed left limb of Fat Diet PE animals than the right limb (Fig. 3;
left 5.5 [3.5e7.4] vs right 2.8 [1.7e3.8], P¼ 0.024). Lean Diet PE
Mankin scores were higher in the bowed left limb but did not
achieve statistical signiﬁcance (left 5.2 [3.5e7.0] vs right 3.2
[2.3e4.1], P¼ 0.056). Therewere noMankin score differences in the
knees of Lean Diet Sham (left 3.1 [0.4e5.7] vs right 3.1 [1.8e4.5],
P¼ 0.96) or Fat Diet Sham animals (left 2.9 [0.2e5.5] vs right 4.3
[3.0e5.7], P¼ 0.51).
Although Mankin scores were similar between diets, the
representative animals on the high fat diet had areas of articularFig. 3. A. Overall left and right limb mean Mankin scores. Lean Diet PE and Fat Diet PE
animals have higher Mankin scores in the bowed left knee compared to the right.
Sham animals do not have Mankin score variation between limbs. Values are
geometric means and 95% conﬁdence intervals. P-values shown compare values
between the two knees. B. Representative histology of coronal views of the left lateral
compartment of a 28 week Fat Diet PE animal at 10 and 100 views. There is
a sheared articular surface (black arrow) and little safranin-O staining. This ﬁnding was
seen only in Fat Diet animals, and seen in 5/8 of those animals. C. Articular cartilage
from the left lateral compartment of a 28 week Lean Diet PE animal at 10 and 100
views. Cartilage shearing such as that seen in the 47.8% kcal fat diet animals is not
noted. There is abundant safranin-O staining.shearing not seen in animals on the regular diet, in addition to mild
typical OA. There was some artifact related to decalciﬁcation and
histological preparation, but cartilage surface defects were more
than expected. 63% (5/8) of animals on the high fat diet had
a segment with shearing; four of these animals were in the Fat Diet
PE group, the other a Fat Diet Sham. This pattern was seen in both
compartments of the left limb of these animals, and additionally
the right medial compartment of one Fat Diet PE animal.Glycosaminoglycan content of the cartilage matrix
The mean articular cartilage GAG content was signiﬁcantly
lower among animals on the 47.8% kcal fat diet compared to
those on the 14% kcal fat diet in every compartment of both
knees at 28 and 38 weeks (Fig. 4), regardless of surgical inter-
vention (Table I).
Neither PE nor Sham animals on either diet had signiﬁcant GAG
differences between the medial and lateral compartments of either
limb at 28 or 38 weeks.Radioactive sulfur uptake in articular cartilage
At 28 weeks there were no overall differences in 35S uptake
between diets, although sham animals on the high fat diet hadFig. 4. Glycosaminoglycan content of cartilage at 28 weeks (A; Fat Diet PE n¼ 9, Fat
Diet Sham n¼ 8, Lean Diet PE n¼ 6, Lean Diet Sham n¼ 2) and 38 weeks (B; Fat Diet PE
n¼ 8, Fat Diet Sham n¼ 8, Lean Diet PE n¼ 9, Lean Diet Sham n¼ 6). GAG content is
shown on a logarithmic scale. Rabbits on the 47.8% kcal fat diet have less glycosami-
noglycan in their articular cartilage compared to animals on the 14% kcal fat diet at
both 28 and 38 weeks. Values are the geometric mean 95% conﬁdence interval (CI).
P-values shown compare GAG content between the two diets (gray and black bars). An
asterisk (*) indicates P< 0.0001.
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Table I
Glycosaminoglycan content, 35S uptake, and ADAMTS-4 expression in articular cartilage at 28 and 38 weeks by diet. Shown are the geometric means and 95% CI. An asterisk (*) indicates statistical signiﬁcance P< 0.05. P-values
shown compare values between the 47.8% kcal Fat Diet and the 14% kcal Fat Diet
Rabbit group Glycosaminoglycan content
geometric means (95% CI)
(mcg GAG/mg dry cartilage)
MTS-4 expression
metric means
% CI) (relative IOD)
Age Surgery Compartment 47.8% kcal
fat diet
14% kcal
fat diet
% kcal
diet
14% kcal
fat diet
P-value
28 Week
animals,
n¼ 41
PE,
n¼ 24
Left lateral 18.5 (13.5e25.2) 41.6 (29.8e58.2 (18.4e86.6) 45.0 (19.5e104.1) 0.8309
Left medial 26.4 (19.7e35.2) 51.8 (37.9e70.7 (19.3e49.5) 76.2 (45.8e126.8) 0.0119*
Right lateral 18.8 (14.5e24.2) 41.6 (31.5e54.8 (7.1e32.1) 70.6 (31.2e159.4) 0.0076*
Right medial 19.8 (16.2e24.1) 57.8 (46.7e71.4 (14.2e48.7) 69.6 (35.7e135.6) 0.0361*
Sham,
n¼ 17
Left lateral 19.0 (14.2e25.4) 59.3 (33.2e105 (9.9e42.2) 74.0 (17.3e315.9) 0.1172
Left medial 20.0 (15.3e26.3) 43.2 (25.1e74.2 (19.1e46.2) 38.7 (16.0e93.3) 0.5941
Right lateral 19.6 (15.4e24.9) 68.5 (42.5e110 (10.5e43) 44.4 (10.8e182.1) 0.3511
Right medial 20.9 (17.4e25.1) 50.9 (35.2e73.6 (12.7e42.4) 28.6 (9.0e90.8) 0.7467
38 Week
animals,
n¼ 35
PE,
n¼ 21
Left lateral 32.1 (24e42.9) 58.5 (44.5e77) (8.5e36.4) 28.8 (14.5e57.1) 0.325
Left medial 25.1 (19.1e32.9) 95.5 (74e123.3 (42.3e102.1) 119.2 (78.7e180.6) 0.0535
Right lateral 25.7 (20.2e32.7) 68.8 (54.9e86.2 (18.3e74.9) 57.6 (29.6e112.0) 0.3626
Right medial 23.8 (19.8e28.6) 74.8 (62.8e88.9 (23.4e74.4) 113.5 (65.8e195.6) 0.0148*
Sham,
n¼ 14
Left lateral 25.1 (18.8e33.5) 92.5 (61.3e139 (13.9e59.3) 36.1 (13.0e100.9) 0.7128
Left medial 23.7 (17.8e31.5) 89.8 (61.2e131 (24.4e61.2) 108.5 (58.2e202.4) 0.0101*
Right lateral 21.6 (17e27.4) 91.0 (64.9e127 (13.3e54.8) 50.5 (18.6e136.9) 0.3092
Right medial 18.4 (15.3e22.2) 74.9 (57.7e97.1 (41.9e133) 148.8 (65.7e336.8) 0.1717
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Fig. 6. Aggrecanase-1 (ADAMTS-4) expression by cartilage at 28 weeks (A; Fat Diet PE
n¼ 9, Fat Diet Sham n¼ 8, Lean Diet PE n¼ 6, Lean Diet Sham n¼ 2) and 38 weeks
(B; Fat Diet PE n¼ 8, Fat Diet Sham n¼ 8, Lean Diet PE n¼ 9, Lean Diet Sham n¼ 6).
ADAMTS-4 expression is shown on a logarithmic scale and is in terms of the relative
IOD of Western Blot signal intensity. Mean ADAMTS-4 expression is lower in every
compartment at both 28 and 38 weeks among animals on the 47.8% kcal fat diet
compared to the 14% kcal fat diet. PE animals at 38 weeks have higher medial
compared to lateral ADAMTS-4 expression in the bowed left limb. Values are the
geometric mean 95% CI. P-values shown compare expression between the two diets
(gray and black bars), except as illustrated at 38 weeks for the left knee, where lines
identify increased ADAMTS-4 expression in the medial compared to lateral compart-
ment of the knee for both diets.
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Obese individuals are at increased risk for the development of OA
in both loaded1,3e6 and unloaded joints3,5,10e12. We hypothesized
increased dietary fat would result in increased joint disease in
rabbits, which would beworse in bowed limbs. High fat diet rabbits
were placed on a 47.8% kcal fat diet based on Carroll et al.41, who
added 15% dietary fat by weight in the form of corn oil and lard. If
this created obese rabbits, mechanical stress on bowed kneeswould
be the likely etiology of OA.We noted arthritic changes attributed to
joint malalignment: increased left limb Mankin scores, and
increased ADAMTS-4 expression and 35S uptake in the overloaded
medial compartment. However, we did not see weight differences
from altering dietary fat content. A possible explanation is rabbits
self-regulated feeding not by bulk, but by caloric intake; though
caloric density was greater, they ate less. Rabbits were observed to
ensure theywere eating throughout the study, but quantiﬁed intake
was not recorded, making it unclear whether unchanged weights
reﬂect lower intake, or another factor like activity level or stress
from altered diet. Both diets were supplemented and the primary
difference was fat composition. This study suggests a way that highdietary fat may exert its adverse effect. We initially expected
increased loading, but given similar animal weights and force
measurements, we attributed differences in cartilage biochemistry
between diets primarily to dietary fat content.
Compared to the regular diet, animals on the high fat diet had
signiﬁcantly lower GAG content, and reduced 35S uptake and lower
degradative enzymes as represented by ADAMTS-4, suggesting
a toxic effect on all protein production by the high fat diet. Histo-
logical samples were obtained for illustrative purposes, to compare
to biochemical outcomes. There were no Mankin score differences
between diets, in spite of GAG differences, but this may relate to the
Mankin score being assessed only at weight-bearing areas, and
safranin staining is only one component. However, representative
Fat Diet animals had atypical shearing of the articular cartilage
surface, which is of unknown signiﬁcance given the few animals
analyzed and unclear relationship with diet-induced changes. This
ﬁndingwas unexpected andmerits dedicated research. TheMankin
score may be limited in ability to detect this type of cartilage defect.
Lower GAG content and 35S uptake in animals on the high fat diet
may indicate weaker cartilage architecture. Lower ADAMTS-4
expression in the high fat diet was unexpected, since aggrecanase
expression is an early feature of OA42,43, but could be seen if all
chondrocyte protein synthesis were suppressed.
Recent OA models implicate fatty acids and eicosanoids in the
pathogenesis of disease18,19. Our high fat diet contained 62.3 g/kg
linoleic acid compared to 7.3 g/kg in the regular diet [Fig. 2(B)].
Linoleic acid is an n-6 fatty acid, a precursor of pro-inﬂammatory
eicosanoids44, and may contribute to OA19,29,30,45e47. Linoleic acid
decreases chondrocyte collagen synthesis in vitro30 The inﬂam-
matory model of OA is also supported by in vitro studies
showing up-regulation of inﬂammatory modulators and down-
regulation of proteins implicated in lipid metabolism in arthritic
chondrocytes27,28.
The role of diet in OA in vivo remains unclear. A high fat diet
accelerates the onset of both obesity and OA in the C57BL/6J mouse
strain32. Recent studies by Grifﬁn et al. and Heep et al. show that
C57BL mice develop OA in a leptin-dependent manner, associated
with the degree of weight change33,34. Diet-induced OA in these
genetically predisposed mice mimics both biomechanical and
neurobehavioral mechanisms of OAemice develop altered loading
and associated pain34. Exercising these mice seems to alleviate OA,
and may do so by improved glucose tolerance or decreasing
inﬂammatory cytokines48. Our study, in contrast, uses a wild-type
rabbit model with dietary intervention; they do not develop
obesity, perhaps from intact self-regulatory mechanisms, but they
still develop OA on the high fat diet. Our wild-type animals also
appear to exhibit a biochemical response to diet in articular carti-
lage. It is unclear whether our ﬁndings are relevant to human
subjects, though prior study has shown that dietary n-6 and n-3
fatty acid content alters the inﬂammatory response and risk of
systemic disease, including OA49.
Our data suggests high dietary fat, independent of weight and
associated mechanical stress, predisposes animals to joint disease
in vivo and supports the role of limb malalignment in OA risk.
Increased dietary fat was associatedwith changes in rabbit cartilage
in vivo and appears to be a risk factor for the development of OA.
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